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Abstract

Ab initio total energy calculations based on the exact muffin-tin orbitals (EMTO) theory are

used to determine the high pressure and low temperature phase diagram of Ce and Th metals

as well as the Ce43Th57 disordered alloy. The compositional disorder for the alloy is treated in

the framework of the coherent potential approximation (CPA). Equation of state for Ce, Th and

Ce43Th57 has been calculated up to 1 Mbar in good comparison with experimental data: upon

compression the Ce-Th system undergoes crystallographic phase transformation from an fcc to a

bct structure and the transition pressure increases with Th content in the alloy.
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I. INTRODUCTION

Actinide physics has seen a remarkable focus the last decade or so due to the combination

of new experimental diamond-anvil-cell techniques and the development of fast computers

and more advanced theory. All f -electron systems are expected to have multi-phase phase

diagrams due to the sensitivity of the f -electron band to external influences such as pres-

sure and temperature. For instance, compression of an f -electron metal generally causes the

occupation of the f states to change due to a shift of these bands relative to others. This

can in some cases, as in the Ce-Th system,1,2 cause the crystal to adopt a lower symmetry

structure at elevated pressures. Under compression, the f -electron dominance increases in

these systems and drives the phase transition. The reason to this has been discussed3 in

terms of a Peierls or Jahn-Teller distortion that favors low symmetry over high symmetry

crystal structures. On the other hand, all bands broaden under compression and the distor-

tion of the lattice becomes less important, while electrostatic forces tend to move atoms to

higher symmetry positions ultimately leading to closer packed structures with higher sym-

metry. This interplay between competing effects and their pressure dependence often results

in interesting multi-phase phase diagrams and this is the case for Ce, Th, and Ce-Th alloys.

Our manuscript is devoted to study phase stabilities of Ce, Th, and Ce-Th system as

a function of compression. Cerium metal has a very interesting phase diagram with two

isostructural, face-centered-cubic (fcc) phases, namely γ-Ce and α-Ce. The latter is con-

siderably denser than the former and there is a substantial volume collapse associated with

the γ → α transition that occurs at a moderate pressure close to 10 kbar. The nature of

this transition is currently not fully understood, but it can be described4 as a Mott transi-

tion of the f electron from a localized (γ-Ce) to an itinerant (α-Ce) state. Below 100 kbar

there is also a phase transition to a lower symmetry phase, which is believed to be either

orthorhombic or body-centered monoclinic.5 Above 120 kbar, however, Ce is stabilized in

a bct structure and remains in this phase up to the highest measured pressure. Thorium

metal is similar to cerium in this regard, but has a simpler phase diagram. Only one phase

transition has been seen at low temperatures: fcc → bct at about 600 kbar. At Mbar

pressures both these metals remain in a bct crystal6,7 with a c/a axial ratio close to 1.65.

Also the Ce-Th system shows a similar behavior.1 Theoretically, the Ce-Th alloys are rather

well described within the density-functional approach,2,8 although a proper treatment of the
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disordered Ce-Th alloys has not yet been presented. In fact, it was argued2 that the disor-

der in the realistic Ce-Th alloys could not be well modeled by an ordered compound. The

theoretical low pressure behavior of CecTh1−c was therefore erroneous2 for c = 0.43. In the

present paper we revisit this problem by applying a more sophisticated theory of random

alloys based on the coherent potential approximation (CPA).

The paper is organized as follows. Our computational approach is discussed in Sect. II,

followed by results and discussion (Sect. III). We present our conclusions in the Sect. IV.

II. COMPUTATIONAL DETAILS

The calculations we have referred to as EMTO are performed using both scalar-relativistic

(SR) and full-relativistic (FR), spin-polarized Green’s function technique based on an im-

proved screened Korringa-Kohn-Rostoker (KKR) method, where the one-electron potential

is represented by optimized overlapping muffin-tin (OOMT) potential spheres.9–13 Inside

the potential spheres the potential is spherically symmetric and it is constant between the

spheres. The radii of the potential spheres, the spherical potentials inside the spheres,

and the constant value from the interstitial are determined by minimizing (i) the deviation

between the exact and overlapping potentials and (ii) the errors coming from the overlap

between spheres. Thus, the OOMT potential ensures a more accurate description of the full

potential compared to the conventional muffin-tin or non-overlapping approach.

Within the EMTO formalism, the one-electron states are calculated exactly for the

OOMT potentials. As an output of the EMTO calculations, one can determine the

self-consistent Green’s function of the system and the complete, non-spherically symmet-

ric charge density. Finally, the total energy is calculated using the full charge density

technique.12,14 For the exchange/correlation approximation we use the generalized gradi-

ent approximation (GGA),15 which has proven to be better for f -electron metals.16 Within

the FR-EMTO formalism, spin-orbit coupling is taken into account exactly by solving the

4-component Dirac equation.17 For the total energy of random substitutional alloys, the

EMTO method has been recently combined with the CPA.13,18

The calculations are performed for a basis set including valence spdf orbitals and the

semi-core 6p state whereas the core states were recalculated at each iteration. Integration

over the irreducible wedge of the Brillouin zone (IBZ) is performed using the special k-point
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method19 with 916 and 5525 k points (per IBZ) for fcc and bct lattice, respectively. The

Green’s function has been calculated for 40 complex energy points distributed exponentially

on a semicircle enclosing the occupied states. The equilibrium density is obtained from a

Murnaghan fit20 fit to about 15 total energies calculated as a function of the lattice constant.

The c/a axial ratio was optimaized for the selected volume (pressure) by calculation the so-

called Bain transformation path (total energy versus c/a axial ratio of a bct system).21

III. RESULTS AND DISCUSSION

Before entering the details of the crystal structure of Ce and Th under compression, we

compare our calculated EOS with the experimental data for these two metals. In Figure 1

we show the theoretical and measured equations of state for cerium metal. The agreement

between theory and experiment6 is very good, especially in the region of pressures less than

300 kbar. Notice that the results of FR and SR calculations are almost identical. Calculated

(SR) equilibrium volume and bulk modulus at ambient pressure are V0 = 27.7 Å3 and B0

= 380 kbar, respectively, compares well with room temperature data22,23 (V0 = 28.0 Å3

and B0 = 290 kbar). FR calculations result in a slighter smaller equilibrium volume (27.4

Å3). Notice also that both EMTO-SR and EMTO-FR calculations give better equilibrium

properties of cerium metal at ambient pressure then the previous FPLMTO study8 (V0 =

26.1 Å3 and B0 = 490 kbar), however, the FPLMTO method gives better EOS at elevated

pressures.

Also for thorium metal, the EOS is in a good agreement with experiment24 (see Figure 2).

Calculated (SR) equilibrium volume and bulk modulus at ambient pressure are V0 = 33.3

Å3 and B0 = 580 kbar, respectively, and close to the room temperature data24 (V0 = 32.9

Å3 and B0 = 580 kbar). FR calculations result in a slighter smaller equilibrium volume (33.1

Å3). As in the case for cerium metal, the EMTO ambient pressure results compare better

with experiment than those of the FPLMTO study8 (V0 = 29.6 Å3 and B0 = 630 kbar),

which seem better at elevated pressures (more than 700 kbar). Considering the fact that the

spin-orbit coupling has a negligible effect on the calculated EOS, the following calculations

exclude this interaction.

Next we study the crystal-structure behavior for cerium metal, and in Figure 3 we plot

the calculated c/a axial ratio for bct Ce together with experimental data.6 At pressures
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beyond about 120 kbar, cerium adopts a bct structure with a c/a ratio close to 1.65. Quan-

titatively, this behavior is well reproduced by our calculations. Also, there is known to be

an intermediate lower symmetry phase6 in Ce (below 100 kbar), which is limited to a small

pressure range and not considered in the present calculations (it has been investigated theo-

retically before).25 Present results are also in an excellent agreement with the results of the

previous FPLMTO calculations8 also shown in Figure 3.

A similar behavior is found for thorium metal (see Figure 4). Experimentally, Th is stable

in its ambient pressure phase (fcc) up to 630 kbar. At higher compression Th transforms

continuously into the bct phase. The transition pressure is considerably higher in Th than

in Ce. The fact that the fcc → bct transition occurs at a higher pressure in Th than in Ce

has been discussed before2,8 and will be addressed below. As in the case of cerium metal,

presents results agree well with those of previous FPLMTO calculations8 also shown in the

Figure 4.

As we have established that Ce and Th metal can be very well described by DFT methods,

we next consider the Ce43Th57 disordered fcc alloy. In Figure 5 we show theoretical EOS for

the Ce43Th57 disordered fcc alloy. Notice that EOS curve for Ce43Th57 is located between

those for elemental Th and Ce, which are also shown. Calculated equilibrium atomic volume

and bulk modulus for Ce43Th57 are 31.4 Å3 and 460 kbar, respectively, which are in reason-

able agreement with experimental data of 32.9 Å3 and 281 kbar.1 In order to understand

this difference, one should notice that the Ce-Th system is composed by γ-Ce and α-Th,

and there is a significant negative deviation from the Vegard´s law in this system within

the whole concentration interval26 due to delocalization of 4f -Ce electrons under the local

pressure imposed on γ-Ce atoms by smaller α-Th atoms (the experimental atomic volume

of γ-Ce and α-Th is 34.37 Å3 and 32.89 Å3, respectively24,27). According to our calcula-

tions, the Ce43Th57 disordered fcc alloy, created by α-Ce and α-Th, obeys the Vegard´s

law reflecting the itinerant nature of 4f -Ce and 5f -Th electrons within the current DFT

formalism.

Before discussing the fcc → bct transition in the Ce43Th57 alloy, we plot f -band occupa-

tion number of Ce, Th, and this alloy as a function of pressure (Figure 6). At pressure ∼ 1.5

Mbar the f -band population for thorium metal reachs almost the same value (∼ 1.6) as for

cerium metal at much lover pressure (∼ 0.6 Mbar). This is no surprice, because the f -band

population in Th at ambient pressure is approximately half that of Ce. This explains why
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the fcc → bct transition in Th occurs at a much higher pressure then in Ce. According

to our calculations for Ce43Th57, the f -band occupation reaches the same value (∼ 1.6) at

pressure of about 1.1 Mbar.

Finally, Figure 7 shows the calculated and measured c/a axial ratio as a function of pres-

sure for the Ce43Th57 disordered alloy. The structural behavior of this alloy was previously

modeled by an ordered (B2) CeTh compound.2 These earlier calculations predicted unre-

alistic low-pressure behavior for this system, where the axial c/a ratio first decreased with

pressure and suddenly jumped to a high value closer to the measure value at a higher com-

pression. It was speculated2 that the discrepancy with experiment was due to the failure of

modeling the disordered alloy with an ordered compound. Here we can address this question

explicitly because the EMTO-CPA formalism allows us to treat the alloy more realistically.

The EMTO-CPA calculations confirm that the fcc → bct phase transition begins between

100-200 kbar, which is close to the corresponding transition in Ce metal (120 kbar), but

considerably lower than for Th (630 kbar). Our calculations thus reproduce the experimen-

tal observation1 that the fcc → bct transition pressure is a strongly nonlinear function of

Th concentration in the Ce-Th system. To further improve our description of the phase

transition in the Ce43Th57 alloy, the ability to reproduce the α → γ transition in cerium

metal needs to be included in the model, because this transition will influence the f -band

population in the system.

IV. CONCLUSIONS

We have presented accurate electronic-structure calculations for the Ce-Th system. Gen-

erally, the theory reproduces experimental data very well. The structural pressure depen-

dence is well understood and driven by the increased presence of f electrons under pressure.

Ce, Th, and the Ce43Th57 disordered alloy behave rather similar, although Ce has inter-

mediate phases in the phase diagram at about 100 kbar that do not exist in Th and the

Ce43Th57 alloy. Consequently, the fcc → bct transition is of the first order in Ce but not

in Th and the Ce43Th57 alloy. For this alloy a CPA treatment is necessary to reproduce, at

least qualitatively, the correct structural behavior.
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2 P. Söderlind and O. Eriksson, Phys. Rev. B 60, 9732 (1999).
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Figures

FIG. 1: Equation of state for Ce. Experimental results6 are marked with open squares and theory

is given by solid and dot-dashed lines. The results of earlier FPLMTO calculations8 are shown by

the dashed line.

FIG. 2: Equation of state for Th. Experimental results24 are marked with open squares and theory

is given by solid and dot-dashed lines. The results of earlier FPLMTO calculations8 are shown by

the dashed line.
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FIG. 3: The c/a axial ratio for the bct structure as a function of pressure for Ce. Experimental

data6 are marked with open squares while theoretical results are given by a solid line and filled

circles. The results of FPLMTO calculations8 are shown by a solid line and open circles.

FIG. 4: The c/a axial ratio for the bct structure as a function of pressure for Th. Experimental

data7 are marked with open squares and theoretical results are given by a solid line and filled

circles. The results of FPLMTO calculations8 are shown by a solid line and open circles.

FIG. 5: Equation of state for the Ce43Th57 disordered alloy. EOS for Ce and Th are also shown.

FIG. 6: Calculated f -band occupation of Ce, Th, and the Ce43Th57 disordered alloy as a function

of pressure.

FIG. 7: The c/a axial ratio for the bct structure as a function of pressure for the Ce43Th57

disordered alloy. Experimental data1 are marked with open squares while EMTO theoretical

results are given by a solid line and filled circles. Also, the results of FPLMTO2 calculations for

CeTh ordered (B2) compound are given by a solid line and open circles.
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